The deposition of large amounts of mixed-valence Fe minerals in iron formations during the Archean and Paleoproterozoic indicates that the Fe(II) aq (aqueous) content of coeval anoxic seawater was likely several hundred μM, compared to ca. 1 to 20 nM of the modern oxygenated ocean. It has been suggested that oxygen production along shallow marine continental shelves, which probably started several hundred million years before the rise of atmospheric oxygen, effectively oxidized Fe(II) aq from deeper seawater and removed it as Fe(III) ppt (poorly soluble precipitates). However, the reconstruction of the marine Fe cycle during the Archean is still incomplete, partly because of diagenetic redox processes that challenge the interpretation of Fe concentration and isotope signatures of sedimentary archives.
We propose that unfractionated Fe(II) aq in seawater was about two to three times lower on the shelf (30 -310 M) than along the slope (61-928 M), which implies that Fe(II) aq was removed from the water column closer to the continent, likely by oxidation and precipitation. Overall, the Fe isotope composition and Fe speciation of CMCP sediments support the presence of molecular oxygen in the shallow-marine system and emphasize the utility of Ca-Mg carbonates as proxies for iron cycling in the aqueous environment.
Keywords: Neoarchean ocean, carbonate platform, Redoxcline, Fe isotopes, X-Ray absorption spectroscopy introduction The concentration of iron (Fe) in seawater over Earth's history largely depends on the ocean's redox state and major changes are linked to the emergence of oxygenic photosynthesis and the Great Oxidation Event (GOE) about 2.46 to 2.33 billion years (Ga) ago (Luo and others, 2016; Gumsley and others, 2017) . The occurrence of mixed-valence Fe minerals in iron formations (IF) ( fig. 1A ) during the Precambrian indicates that seawater had significantly higher concentrations of soluble Fe(II) aq compared to the modern ocean and that Fe(II) aq was removed from seawater by oxidation to form Fe(III) ppt via photosynthetically produced oxygen (Cloud, 1968; Isley and Abbott, 1999) . Alternatively, Fe(II) oxidation by anoxygenic photoautotrophic bacteria has been postulated as a way of generating Fe(III)-minerals for IF in the absence of oxygen (Garrels and Perry, 1974; Konhauser and others, 2002; Kappler and others, 2005; Crowe and others, 2008) . In the modern oxygenated ocean, Fe(II) aq concentrations are normally between 1 and 20 nM (for example Landing and Bruland, 1987; Martin and others, 1990; de Baar and de Jong, 2001) , which is much lower than estimates for the Archean anoxic ocean, ranging from 3 to 360 M (Holland, 1973; Morris, 1993; Canfield, 2005) . Some of these estimates are based on the solubility product of siderite and calcite under the assumption of oversaturation and direct precipitation of those two minerals from seawater (Holland, 1973; Holland, 2004; Canfield, 2005) . However, recent studies indicate that some siderite does not form by direct precipitation from seawater but rather as a diagenetic product ( Johnson and others, 2003; Johnson and others, 2008b; Fischer and others, 2009; Heimann and others, 2010; Johnson and others, 2013) , undermining siderite saturation in seawater as a valid assumption for Fe concentration estimates. Other calculations are based on estimates of hydrothermal activity during Archean times and silica concentrations of coeval seawater (Morris, 1993) . Recent work considering greenalite formation suggests 0.9 to 12 M Fe(II) aq in the deep ocean (Tosca and others, 2016) . Herzog and others (1989) showed that at Fe(II) aq concentrations higher than 10 M, calcite precipitation would be inhibited. Riding and others (2014) thus proposed that Fe(II) aq concentrations in the Archean shallow-marine environment must have been below 10 M in order to allow the apparent calcite precipitation.
The massive deposition of IF along continental shelves began several hundred million years (between 2.8 and 2.4 Ga) before the GOE. This overlaps within the suggested time range for the onset of oxygen production by oxygenic photosynthesis, represented by the chemical equation:
(1.1) in the shallow marine environment (for example Anbar and others, 2007; Wille and others, 2007; Frei and others, 2009; Voegelin and others, 2010; Voegelin and others, 2010; Crowe and others, 2013; Eroglu and others, 2015; Kurzweil and others, 2015b ( Johnson and others, 2003; Rouxel and others, 2005; Yamaguchi and others, 2005; Johnson and others, 2008c; Heimann and others, 2010; Steinhoefel and others, 2010; Planavsky and others, 2012; Czaja and others, 2012) . Partial oxidation of anoxic and iron-rich (ferruginous) deep seawater along a chemical gradient (chemocline) by oxygen in surface waters according to:
4Fe aq 2ϩ ϩ O 2 ϩ 8OH Ϫ ϩ 2H 2 O 3 4Fe(OH) 3 (1.2) leads to the precipitation of isotopically heavy Fe(III) ppt , leaving the remaining dissolved Fe(II) aq pool isotopically lighter (Rouxel and others, 2005) . Residual isotopically light Fe(II) aq could be recorded in Fe(II)-sulfide and -carbonate minerals, as well as Ca-Mg carbonates. Fe isotope signatures, analyzed on bulk IF, hydrothermal deposits, bulk mudrocks, Fe(oxyhydr)oxides, carbonates, and -sulfides [modified from Busigny and others (2014) ]. White circles are data from Ca-Mg carbonates (Matthews and others, 2004; Heimann and others, 2010; von Blanckenburg and others, 2008; Craddock and Dauphas, 2011; Czaja and others, 2012 (Hegler and others, 2008) , results in a ε 56 Fe Fe(III)ppt-Fe(II)aq of ϩ1 to ϩ3 permil and is thus indistinguishable from biotic or abiotic aerobic oxidation at neutral pH (Bullen and others, 2001; Beard and others, 2003a; Croal and others, 2004; Balci and others, 2006; Kappler and others, 2010; Swanner and others, 2015b) . However, the conservation of such an isotopically light Fe seawater reservoir within sediments can be superimposed by benthic microbial dissimilatory Fe(III) reduction (DIR). This process can produce very negative ␦
56
Fe by partial reduction of Fe oxides and oxidation of organic carbon, reacting to Fe-carbonate, typically siderite ( Johnson and others, 2008a; Johnson and others, 2008b; Johnson and others, 2008c; Heimann and others, 2010) , as in:
The ability of siderite to record primary seawater Fe isotope signatures has been questioned based on the prevalence of secondary diagenetic Fe redox cycling in organic-rich sediments, for example DIR and the precipitation and dissolution processes of Fe(II) sulfide (Matthews and others, 2004; Yamaguchi and others, 2005; Rouxel and others, 2006; Yamaguchi and Ohmoto, 2006; Johnson and others, 2013) . Microbial Ca-Mg carbonates are valuable archives of ancient seawater chemistry, as the carbonate precipitation from seawater causes minor to no elemental fractionation of a wide range of trace elements, although precipitation rate, temperature, and concentrations of ions in the seawater influence their distribution coefficient (for example Webb and Kamber, 2000; Sumner and Grotzinger, 2004; Sumner and Beukes, 2006) . Therefore, Ca-Mg carbonates have the potential to record geochemical seawater signatures and could be potential proxies for seawater Fe (von Blanckenburg and others, 2008; Johnson and others, 2013) . Studies on this subject are scarce (Matthews and others, 2004; Dideriksen and others, 2006; von Blanckenburg and others, 2008; Heimann and others, 2010; Craddock and Dauphas, 2011; Czaja and others, 2012) , but provide some interesting observations. The most important is that Fe(II) aq from fluids is incorporated into Ca-Mg carbonates without any isotope fractionation (Dideriksen and others, 2006; von Blanckenburg and others, 2008) . Furthermore, some studies indicate that dolomitization does not affect the original Fe isotope signature of carbonates, as there is no difference in the isotope signature between limestones and dolomites, or a dependence on the Mg content (von Blanckenburg and others, 2008; Heimann and others, 2010; Czaja and others, 2012; Johnson and others, 2013) . However, diagenetic (fluid) alteration, secondary formation of Fe-minerals during early diagenesis, and dissolution of detrital components can influence the Fe inventory of Ca-Mg carbonates and thus challenge the interpretation of seawater Fe geochemistry (Brand and Veizer, 1980; Veizer, 1983; Banner, 1995; Matthews and others, 2004; Heimann and others, 2010; Craddock and Dauphas, 2011; Czaja and others, 2012; Hodgskiss and others, 2018) . Matthews and others (2004) , for instance, clearly showed that Ca-Mg carbonates are locally affected by adjacent mudrocks in the course of diagenetic Fe circulation in the sediment and proposed a diffusional Fe isotope exchange between the carbonate and porewater. Nevertheless, it is important to point out that Ca-Mg carbonates are strongly influenced by the ambient fluid, such as bottom-water or porewater. Seawater and/or freshwater will mainly influence the Fe content and isotope signature of the bottom-and porewaters of these carbonates, unless if Fe from siliciclastic material or Fe-oxides is remobilized in the sediment. Thus, Ca-Mg carbonates are good candidates to reflect the Fe isotope signatures of seawater, freshwater, and porewater, as well as indicate the processes that resulted in these signatures. In order to distinguish these signals and correctly interpret these Fe signatures a comprehensive understanding of the depositional environment from major and trace element signatures and sedimentological observations is necessary.
Here, carbonate and mudrock samples of the 2.58 to 2.50 Ga old CampbellrandMalmani carbonate platform (CMCP) succession in southern Africa were analyzed for their Fe isotope composition and concentration. Several studies have shown that the CMCP is well preserved and partly reflects valuable seawater signatures (for example Beukes, 1987; Sumner and Grotzinger, 2004; Eroglu and others, 2015; Eroglu and others, 2017) . These results were combined with X-ray absorption spectroscopy (XAS) data of representative rock sections to examine the Fe-redox speciation and mineralogy. The Fe isotope data of shelf facies from this study are combined with published Fe isotope data of the slope facies (Czaja and others, 2012) and with elemental data from Eroglu and others (2015) . The goal is to reconstruct the Fe cycling in a shallow-marine, possibly oxygen-producing, carbonate platform system and to decipher the factors controlling the Fe inventory.
geological overview
The CMCP is the lower sedimentary succession of the Transvaal Supergroup (TSG) in southern Africa ( fig. 2A ) and was deposited between ϳ2.58 and 2.50 Ga (Sumner and Beukes, 2006) . It is preserved in the Transvaal area (TA) in the eastern part, the Griqualand West area (GWA) and Prieska area in the western part of the Kaapvaal Craton, as well as the Kanye area in the north-central part of the platform ( fig. 2A) .
Except for some carbonate segments in the eastern TA that were affected by contact metamorphism related to the intrusion of the Bushveld Complex (Frauenstein and others, 2009) , the majority of the CMCP experienced conditions no higher than lower greenschist facies metamorphism (Button, 1973; Miyano and Beukes, 1984) , covering temperatures between about 250 to 330°C (Eroglu and others, 2017) . The TA contains the Malmani Subgroup, which is represented in the KMF-5 drill core that preserves four (out of five) formations showing dominantly peritidal (inter-to supratidal) and partly silicified dolomite, subordinate shallow subtidal dolomite, and occasional interbeds of fine siliciclastic mudrocks from marine regression events (Eroglu and others, 2015) . The sediments of the contemporaneous Campbellrand Subgroup in the GWA are represented in seven formations in the BH-1 drill core that can be stratigraphically correlated with the Malmani Subgroup and mainly reflect shallow subtidal conditions ( fig. 2B ). Further to the southwest in the marginal and basinal sequence (Prieska area) the sedimentation rates decreased, which resulted in a diminished thickness (ϳ500 m) in the slope area compared to the ca. 2000 m thick shelf succession ( fig. 2B ). Altermann and Nelson (1998) estimated sedimentation rates of 2 to 20 m/Ma for the slope succession and 50 to 150 m/Ma for the shelf succession.
The depositional conditions of the CMCP have been reconstructed in geochemical and sedimentological studies of four drill cores, the GKP01 and GKF01 drill cores from the Prieska facies, the BH-1 drill core from the GWA, and the KMF 5 drill core from the TA (Beukes, 1987; Schröder and others, 2006; Sumner and Beukes, 2006; Knoll and Beukes, 2009; Eroglu and others, 2015) . Here, the focus is on the shelf facies, represented in the sediments of the KMF-5 and the BH-1 drill cores, as well as the Kuruman Kop outcrop, which contains carbonates from the shelf facies of the upper Campbellrand Subgroup (Sumner, 2002) . Well preserved carbonate intervals were sampled for this study, with good preservation of sedimentary textures and structures. Veined, crackle brecciated and coarsely recrystallized intervals were avoided. Additionally, samples of silicified dolomite and siliciclastic mudrocks were taken. Detailed descriptions of KMF-5 and BH-1 are provided by Eroglu and others (2015) and Altermann and Siegfried (1997) , respectively. Sedimentology of the succession reveals that the CMCP experienced several transand regression events during changing influx of water masses from the open ocean and from the continent. Even though most of the CMCP is dolomitized, sedimentological features and structures (Beukes, 1987; Sumner and Beukes, 2006) as well as some primary geochemical signals (Eroglu and others, 2015; Eroglu and others, 2017) are still preserved. Importantly, Fe and Mn concentrations and REEϩY signatures correlate with the stratigraphy, water depth, and the input of hydrothermal or continental fluids (Voegelin and others, 2010; Eroglu and others, 2015; Eroglu and others, 2017) . This allows reconstruction of the environmental conditions and the evolution of this carbonate platform (Eroglu and others, 2015; Eroglu and others, 2017) , which can be divided into a lower and an upper CMCP ( fig. 2C ). The lower CMCP reflects a steep ramp architecture and includes the stratigraphical correlative formations Lower Nauga from the Campbellrand Subgroup (GKP01, GKF01; Prieska area), Reivilo from the Campbellrand Subgroup (BH-1; GWA), and Oaktree and Monte Christo from the Malmani Subgroup (KMF-5; TA) ( fig. 2B ). During the initial flooding of the Kaapvaal Craton . Asterisks indicate locations of drill cores from the slope facies (GKP01, GKF01) and the shelf facies (BH-1, KMF-5). Modified after Coetzee (ms, 2001 ) and Sumner and Grotzinger (2004) . (B) A-B cross section through chemical sediments of the lower TSG and a schematic location of drill cores GKP01, GKF01, BH-1, and KMF-5. Asterisk represents the Kuruman Kop. Depositional conditions of CMCP were controlled by influx of open ocean water and freshwater from the continent. The CMCP can be divided into slope facies and shelf facies. The platform is preserved in several formations, indicated in gray (Kamden Mb. ϭ Kamden Member). Modified after Beukes and Gutzmer (2008) and Eroglu and others (2015) . ( and incipient carbonate deposition, the samples of the lower Oaktree Formation show elevated Fe/Mn and HREE/LREE signatures (Eroglu and others, 2017) that are characteristic for hydrothermal fluids from mid-ocean ridges (Pearce, 1983) . Fe and Mn concentrations in carbonates decrease and Y/Ho ratios increase in the upper Oaktree Formation with the build-up of the platform, indicating a decreasing influx of hydrothermally influenced water ( fig. 2C -stage 1) (Eroglu and others, 2017) . After the build-up of the steep ramp platform and during a regression, the peritidal Monte Christo Formation and the lagoonal Reivilo Formation were deposited. During this stage more continental material was deposited and is preserved in the Monte Christo Formation as organic-rich mudrocks. Fe/Mn ratios are more variable and REEϩY signatures imply a continental source in this part of the section, indicating redistribution of Fe between mudrock and carbonate layers and a stronger influence of continental meteoric water ( fig. 2C -stage 2) (Eroglu and others, 2015; Eroglu and others, 2017) . The Kamden 'Iron Formation' Member was deposited on top of the lower CMCP during a temporary major transgression and is geochemically visible in Fe-rich rocks throughout the CMCP (Sumner and Beukes, 2006) . The TA does not contain the Kamden Member, however, the stratigraphically correlative, siliciclastic carbonate sample 1265.2 in KMF-5 has a high Fe 2 O 3 content (Ͼ10 wt-%), which indicates increased influence of hydrothermal fluids from the open ocean water, probably during a short intense transgression and the deposition of the Kamden Member ( fig. 2C -stage 3) (Eroglu and others, 2015) . The upper CMCP reflects a rimmed margin architecture and includes the formations Upper Nauga from the Campbellrand Subgroup (GKP01, GKF01; Prieska area), Fairfield, Klipfonteinheuwel, Papkuil, Klippan, Kogelbeen, and Gamohaan from the Campbellrand Subgroup (BH-1, Kuruman Kop; GWA), and Lyttleton and Eccles from the Malmani Subgroup (KMF-5; TA). Due to the rimmed margin the influx of open ocean water was likely restricted and instead the influence from continental fluids increased, which is implied by variable Fe/Mn ratios and 'continental' REEϩY signatures ( fig. 2C -stage 4) (Eroglu and others, 2017) . In this context it should be noted that the draw-down of hydrothermal influx onto the shallow-water shelf might have induced an evolutionary advantage for oxygenic photosynthesis, which does not rely on reduced species such as are needed for anoxygenic photosynthesis, and therefore set the stage for the development of a thriving aerobic ecosystem (for example Des Marais, 2001).
methods

Fe Isotope Analyses
Between 15 and 170 mg powdered samples, corresponding to approximately 200 g of total sample Fe, were weighted into 15 ml perfluoroalkoxy alkanes (PFA) beakers. Sample digestion for carbonates was done using 20 percent acetic acid to avoid digestion of Fe oxides and clay minerals, according to the chemical protocol of von Blanckenburg and others (2008) . Mudrocks were completely digested in a 2:1 mixture of distilled HF and HNO 3 . Fe purification was achieved using the method described in Schoenberg and von Blanckenburg (2005) . Fe isotope measurements were performed on a ThermoFisher Scientific Neptune Plus multicollector-inductively coupled plasma-mass spectrometer (MC-ICP-MS) at the facilities of the Isotope Geochemistry Group, University of Tuebingen, using the standard-sample-bracketing method (Schoenberg and von Blanckenburg, 2005 Procedural blanks were between 4 and 13 ng, which is less than 0.1 percent of the total amount of Fe that passed through the Fe purification procedure, and is negligible for the samples' Fe isotope compositions. Repeated measurements of aliquots of the HanFe standard run during analytical sessions gave an average ␦ 56 Fe of ϩ0.291 Ϯ 0.060 ‰ (2SD, n ϭ 76), which is in agreement with values published by Kurzweil and others (2015a) (ϩ0.29 Ϯ 0.05 ‰; n ϭ 145). The IF-G reference material gave an average value of ϩ0.643 Ϯ 0.062 ‰ (2SD, n ϭ 13) and is in agreement with values published by Dauphas and Rouxel (2006) (ϩ0.631 Ϯ 0.019, n ϭ 18) and Kurzweil and others (2016) (ϩ0.63 Ϯ 0.02). All samples were measured at least twice and show a good internal reproducibility (tables SM-1, SM-2, SM-3; supplementary material, http://earth. geology.yale.edu/%7eajs/SupplementaryData/2018/Eroglu).
Synchrotron-based X-ray Absorption Spectroscopy
We conducted micro X-ray Absorption Near Edge Structure (-XANES) spectroscopy mapping in fluorescence mode (Pascarelli and others, 1999) and transmission mode using the "Turbo-XAS" design at the energy-dispersive X-ray absorption spectroscopy (XAS) beamline ID24 at the European Synchrotron Radiation Facility (ESRF; Pascarelli and others, 2016) . The advantage of this beamline is its high acquisition speed, which enables the collection of XANES spectra on every pixel of a map. A Si(111) bent polychromator in the Bragg geometry is used to create a polychromatic fan of radiation focused on the sample position. Vertical focusing is obtained by a bent Si mirror at a grazing incidence angle of 4 mrad. A focal spot size of 5 ϫ 5 m 2 FWMH was used in this experiment. Harmonic rejection is further achieved with two Si mirrors at 3 mrad grazing incidence angle. In transmission mode, parallel detection of all energy points in the energy range 6.9 to 7.4 keV leads to acquisition times of the order of 20 ms per spectrum. In fluorescence mode, a monochromatic beam is created by placing a fast-moving slit on the polychromatic fan of radiation, and acquisition time for the energy range 7.0 to 7.3 keV is of the order of 11 s per spectrum. Transmission mode maps were collected on an area of 2000 ϫ 2000 m (20 ϫ 20 m pixel size) in about the same amount of time as was required to collect 500 ϫ 500 m maps (between 10 ϫ 10 m and 50 ϫ 50 m pixel size) in fluorescence mode. For experiments in fluorescence mode, 30 m thick polished thin sections mounted on glass slides were prepared. For experiments in transmission mode 100 m thick unmounted thin sections were prepared.
Fluorescence and transmission data were processed using the PyMCA software package, which allows evaluation of large data sets (Sole and others, 2007) . The transmission spectra were calculated as follows:
where is the absorption is a function of the energy E, I 0 is the incident X-ray beam intensity, I 1 is the beam intensity after transmission through the sample and x is the sample thickness. For fluorescence spectra, the absorption is defined as (E) ϰ
where I f is the fluorescence intensity. First, all spectra of a selected sample were energy calibrated by analyzing metallic Fe with the same experimental setup as used for samples (that is, fluorescence or transmission mode) and setting the first inflection of the Fe K-edge to 7112 eV. Subsequently, all spectra were normalized and over-or undersaturated spectra were automatically excluded from further analysis. figure 3 and figures 4A-4D. Carbonates are divided into pure (Ͻ1 wt-% Al 2 O 3 ), detritus-containing (Ͼ1 wt-% Al 2 O 3 ), and silicified (Ͼ3.26 wt-% SiO 2 ), as in Eroglu and others (2015) . Data are complemented with previously published data of carbonates and mudrocks from the slope drill cores GKP01 and GKF01 (Czaja and others, 2012) . Analogous to this study, the ␦
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Fe carb data (carbonate fraction) of the carbonate samples and the ␦ 56 Fe WR data (whole rock) of the mudrock samples were used (Czaja and others, 2012 Two samples from the Kogelbeen (Ku12/31) and the lowermost Gamohaan (Ku12/ 25) formations are detritus-free (fenestrate) limestones, which were deposited under lagoonal conditions (Sumner, 2002) g g Ϫ1 . Ku12/04 is a clay-rich chert, which was deposited within a siderite-rich mudrock interval and shows heavy signatures of ϩ0.453 permil and a Fe concentration of 4031 g g Ϫ1 .
Synchrotron-based X-ray Absorption Spectroscopy For the statistical evaluation of the XANES, the number of unique mineralogical components represented by the collection of XANES spectra was determined using the 'principle component analysis' (PCA) tool from PyMCA. Table 4 shows the variance of the first five principle components (PC01 -PC05), the percentage indicates the significance of the respective PC. According to that, all samples are represented by two to three distinct mineralogical components. A 'linear combination fitting' of the composite, which is an average spectrum from each sample, was performed with the Athena software package (Ravel and Newville, 2005) , using the number of components Major element data were analyzed by XRF and are partly from Eroglu and others (2015 As the pre-edge can also give valuable information about the oxidation state and speciation of Fe, a plot was constructed, based on the normalized absorption values , , and at defined energies (7110, 7113 and 7117.5 eV) (Marcus and others, 2009) . As the Fe K-edge during the experiment was at 7112 eV, in contrast to the Fe K-edge of 7110.75 used by Marcus and others (2009) 
Early Diagenesis and Preservation of Geochemical Signatures
Diagenetic processes of different grades affected the CMCP, which mainly includes large-scale dolomitization as well as silicification in the peritidal environment, covering lower greenschist facies metamorphic conditions (Button, 1973; Eriksson and Truswell, 1973; Eriksson and others, 1975; Truswell and Eriksson, 1975; Eriksson, 1977; Beukes, 1987; Frauenstein and others, 2009 ). Contact-metamorphic overprint in the northeastern part of the TA due to the intrusion of the Bushveld complex even reached granulite-facies metamorphic conditions, however this did not affect samples analyzed here from KMF-5, which is in about 80 km distance to the contact zone (Frauenstein and others, 2009; Eroglu and others, 2017) . Deciphering the impact of these diagenetic processes on the geochemical paleoproxies is crucial in order to correctly distinguish and interpret primary and secondary signatures (Brand and Veizer, 1980; Veizer, 1983; Banner, 1995) . Nevertheless, the CMCP is one of the best preserved carbonate platforms of Neoarchean age, where sedimentological observations, like finely laminated stromatolitic structures, and geochemical signatures still allow a reconstruction of water depth, water circulation, and continental input (for example, Beukes, 1987; Altermann and Siegfried, 1997; Sumner and Beukes, 2006 (Beukes, 1987; Webb and Kamber, 2000; Voegelin and others, 2010; Eroglu and others, 2015; Eroglu and others, 2017) . Carbonates deposited under (shallow) subtidal conditions during the steep-ramp architecture phase of the lower CMCP (for example, Reivilo, Oaktree formations) ( fig.  2C) show Fe# values as a function of water depth, resulting from the lower redox potential of Fe compared to Mn (Beukes, 1987; Eroglu and others, 2017) . Carbonates deposited during the rimmed-margin architectural phase and/or adjacent to siliciclastic mudrocks show elevated Fe# values that indicate (1) stronger influence of continental fluids and (2) localized Fe circulation between carbonates and adjacent mudrocks during diagenesis (Eroglu and others, 2015; Eroglu and others, 2017) . Thereby, Fe would have been released to the porewater during leaching and dissolution of siliciclastics, sulphides, and oxyhydroxides in mudrocks and carbonates and exchanged between those phases (Veizer, 1983) . Indeed, mudrocks of KMF-5 contain significantly lower amounts of Fe (Ͻ1.50 wt-% Fe) than the average continental crust [3.92 wt-%, Rudnick and Gao (2003) ] and post-Archean Australian Shale [PAAS, 5.05 wt-% Fe, Taylor and MacLennan (1985) ]. This points to Fe mobilization during early diagenesis within the sediment under anoxic, likely sulfidic conditions, as indicated by the presence of Fe(II)-sulfides (table 4). These observations are confirmed by REEϩY signatures, which show variations that are associated with influx of different water sources and early diagenetic processes in the sediment (Voegelin and others, 2010; Eroglu and others, 2017) . Since large parts of the CMCP were dolomitized and some parts silicified, it is important to estimate their effect on Fe# and REEϩY signatures. Those processes clearly have an impact on the Ca, Mg, and Si contents. Furthermore, the ionic radii of Mg 2ϩ , Fe 2ϩ , and Mn 2ϩ are very similar and preferentially incorporated during dolomitization (Reeder, 1983) , suggesting that dolomitization would affect the Fe and Mn content (Veizer, 1983) . Comparing limestone with dolomite shows that their Fe and Mn concentration ranges greatly overlap, although some limestones have lower Fe contents (tables 2 and 3). Importantly, the Fe and Mn contents still reflect the depositional conditions as described above and were not significantly overprinted by dolomitization. We therefore suggest that the Fe and Mn, which were incorporated into the carbonate structure during dolomitization, mainly comes from the original limestone, and therefore still reflects changes in water depth, platform architecture, water source, and fluid circulation during early diagenesis within the sediment (Eroglu and others, 2017) . Silicification is a common observation in Precambrian carbonate platforms and in former near-shore sediments it is the result of mixing of marine and meteoric waters, which is favored by increasing porosity, salinity, and f CO2 , as well as decreasing pH (Knauth, 1979; Maliva and Siever, 1988, 1989; van den Boorn, ms, 2008) . The silicified carbonates investigated here formed in that way (Eroglu and others, 2017) and overlap with pure carbonates in their Fe and Mn concentration range, with some strongly silicified samples showing lower concentrations than dolomites. The Fe and Mn content was probably diluted due to the incorporation of silica.
Fe isotope analyses reveal that there is no isotopic difference between calcitic and dolomitic samples (figs. 4C, 4D and 7; tables 1-3), which supports the study of von Blanckenburg and others (2008) , showing that dolomitization has no effect on the ␦ 56 Fe isotope composition of carbonate. To our knowledge, there is no experimentally determined fractionation factor for Fe(II) aq into Ca-Mg carbonates yet. However, dolomitization itself does not invoke a redox change, which means that a large Fe isotope fractionation is not expected (Schauble, 2004) and that any such fractionation must have been independent from dolomitization. Even though the ␦
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Fe signatures seem to be unaffected by dolomitization, dolomitic samples have overall higher Fe concentrations than calcitic samples (figs. 4C and 4D). Therefore, even though dolomitization may not invoke a shift in the Fe isotope signature, it could cause a rise in the Fe content. However, this interpretation is undermined by some calcitic samples with Fe contents similar to dolomite, for example sample Ku12/06 (Gamohaan formation, Kuruman Kop) and samples from the slope facies (Czaja and others, 2012) . Overall, calcitic and dolomitic carbonates can both be grouped according to their depositional environment. Similarly, silicified carbonates do not show a different isotope signature than peritidal unsilicified carbonates ( fig. 4C ). Since silicification solely occurred in the peritidal environment, the Fe isotope composition and concentration was strongly impacted by continental fluids. Nevertheless, further investigations will be necessary to better understand the effect of dolomitization and silicification on the Fe systematics in Ca-Mg carbonates.
Mineralogy and Fe Speciation of CMCP Carbonates
Data from XAS analyses reveal major differences in the oxidation state of Fe incorporated in carbonates of the lower (steep ramp architecture) and upper (rimmed margin architecture) CMCP (figs. 5 and 6, table 4). Fe speciation was examined in XANES maps 1) in the matrix and 2) of discrete particles, which are visible as red "hotspots" in the edge jump maps that show the relative Fe concentration ( fig. S1 a-d;  supplementary material) .
Carbonate samples consist of dolomite (CaMg(CO 3 ) 2 ), with minor calcite and silica, as is shown by the major element composition (tables 1-3) (Eroglu and others, 2015) and X-Ray diffraction (XRD) (fig. S3, supplementary material) (Eroglu and others, 2017 (Chai and Navrotsky, 1996) , which forms when Fe substitutes for Mg in the dolomite structure. It could not be detected by XRD, probably because it is below the detection limit of the method (0.1-0.5 wt-%), but it is still detectable spectroscopically. Ankerite is heterogeneously distributed in the samples ( (table 4) . XANES spectra best fit by goethite, however it is important to note that goethite could not be detected by XRD, which means that it is below its detection limit ( fig. S3; supplementary material) . Ankerite is still the major Fe phase in the Lyttleton Formation, but is no longer a component in the Eccles Formation, where instead traces of siderite and ferrosmectite are present. Neither in the Lyttleton nor in the Eccles formations is Fe(II)-sulfide present, which implies insufficient organic material to drive DIR and microbial sulfate reduction (MSR) in the sediment. The scarcity of organic-rich mudrocks and presence of Fe(III) oxides in the Eccles Formation supports this (Eroglu and others, 2015) . Also, the few organic carbon rich mudrocks of the Eccles Formation lack framboidal pyrite, in contrast to the Fe-sulfide and organic carbon rich mudrocks of the Oaktree and the Monte Christo formation (Eroglu and others, 2015) . This indicates that the lower CMCP had more reducing conditions and the upper CMCP more oxidizing conditions, which did not favor the formation of pyrites. In the samples of the upper CMCP, matrix and red "hotspots" do not show any differences in the mineralogy from the matrix. We conclude that 1) pyrite forms discrete particles in the lower CMCP, 2) ankerite is in the carbonate matrix of the lower CMCP, and 3) Fe(III) mineral phases are preserved in the carbonate matrix of the upper CMCP. Discrete Fe(III) particles were not observable using polarized light microscopy, indicating that the Fe(III) phases are finely distributed within the carbonate structure.
Preservation of Fe(III) mineral phases in the upper
CMCP.-The characteristic edgepeak inflection points of XANES spectra (figs. 5 and 6) from the Lyttleton and Eccles formations clearly show a Fe(III) mineral phase. Although the best fit is by goethite, it is not absolutely certain that this Fe(III) phase is goethite or another Fe(III)-(oxyhyr)oxide (that is, hematite) without further spectroscopic or paleomagnetic analyses (de Kock and others, 2009), which however goes beyond the scope of this study.
Major and trace element data of the CMCP showed that the carbonates investigated here were not subject to fluid alteration by the Bushveld complex (Eroglu and others, 2015) , which excludes a formation of Fe(III) phases by magmatic fluids in the analyzed samples. There is furthermore no ready explanation for dolomitization and silicification processes that would form goethite in the upper part of the CMCP but not in the lower part. A detrital input of goethite to the upper CMCP is possible, however the analyzed samples (665.08, 665.18, and 884.9) are pure carbonates with a negligible detrital component (table 4) . XAS maps of the edge positions show that goethite is finely distributed in the carbonate structure and did not form to discrete particles as is observed for secondary Fe(II)-sulfides (fig. S1 a-d; supplementary material, http:// earth.geology.yale.edu/%7eajs/SupplementaryData/2018/Eroglu), which argues against a secondary formation of goethite. Furthermore, detrital material rather consists of phyllosilicates such as chlorite and ferrosmectite, based on the XAS spectrum of detritus-containing sample 1265.1 (table 4) .
Following these observations, we propose that Fe(III) phases formed in-situ during the precipitation of CMCP carbonates. An experimental study of Mettler (ms, 2002) and Mettler and others (2009) . This is under anoxic conditions considered as precursor for the formation of Fe/CaCO 3 precipitates and the incorporation of Fe into the crystal with a relative molar ratio of ϳ0.4 percent (Dromgoole and Walter, 1990; Mettler, ms, 2002) . Under oxic conditions ϾCO 3 FeCO 3 H 0 is likely oxidized, forming Fe(III)-oxides. Hereby, under bicarbonate-rich, circumneutral conditions goethite is the preferably formed Fe(III)-phase (Schwertmann and Cornell, 2000; Cornell and Schwertmann, 2003) . Although we cannot exclude that goethite is formed first and then precipitated and incorporated into the carbonate, we suggest to follow the model of Mettler (ms, 2002) and Mettler and others (2009) , since it is supported by XANES-maps of the here analyzed samples from Eccles and Lyttleton formations that show that Fe(III)-(oxyhydr)oxides are part of the carbonate matrix without forming any discrete particles. A study by van der Zee and others (2003) describes the formation of goethite in calcite-rich marine sediments and proposes that diagenetic goethite is the main reactive Fe phase that precipitates at oxic-anoxic boundaries in aquatic sediments. The nano-scale grain size (ϳ12 nm) of goethite in the study of van der Zee and others (2003) explains why it is only detectable by spectroscopic methods. A possible scenario for Fe(III) mineral formation in microbialites of the CMCP could therefore be the adsorption of Fe(II) aq on calcite and oxidation to Fe(III) ppt by photosynthetically produced oxygen. Nevertheless, this scenario is speculative and the role of Fe oxidation on calcite requires further investigation. Furthermore, additional spectroscopic and paleomagnetic studies are necessary to carefully define the Fe(III) mineral phase.
The stratigraphical equivalent of the Lyttleton and the Eccles formations in the TA is the Upper Nauga Formation in the GWA, which represents the slope succession and, in contrast to the Lyttleton and Eccles formations, does contain Fe(II)-sulfides (Czaja and others, 2012) . Based on the Fe-speciation data, the lower CMCP and the slope succession were too reducing, while conditions in the lagoonal interior during the rimmed margin architecture stage (the upper CMCP) allowed for the preservation of Fe(III)-(oxyhydr)oxides (figs. 2C, 5 and 6). Preservation of Fe(III) phases implies that the organic carbon content in the upper CMCP was too low to drive diagenetic reduction of the Fe(III)-(oxyhydr)oxides (Froelich and others, 1979; Berner, 1981) . In contrast, the more organic-rich lower CMCP fueled MSR and reductive dissolution of Fe(III)-(oxyhydr)oxides, forming Fe(II) aq that was subsequently incorporated into carbonates and sulfides. Another reason could have been the more intense interaction of the slope carbonates and shelf carbonates of the lower CMCP (steep ramp architecture) with open ocean water that was hydrothermally influenced, while the lagoonal interior was protected by the rimmed margin. The presence of Fe(III)-(oxyhydr)oxides in the upper part of the CMCP argue for this increasing oxidation state in the shallow marine environment and emphasize the dependence of this redox evolution on the platform architecture, as well as the balance of hydrothermal vs. continental input. The redox conditions probably changed again in the last stage of platform deposition, as the carbonate sample analyzed from the Gamohaan Formation (340, BH-1), deposited during the final drowning of the CMCP and contains mainly ankerite and minor siderite and pyrite ( Eroglu and others, 2017) . The circulation of porefluids in marine benthic sediments is an essential aspect in early diagenetic processes, and the source of these fluids is not only from seaand freshwater, but also from dewatering processes within the sediment. Associated redox processes and changes in Fe speciation within the bulk sediment, microbial processes, as well as fresh-and seawater mixing can impact the fractionation of Fe isotopes (Beard and others, 2003a; Butler and others, 2005; Severmann and others, 2006; Rouxel and others, 2008; Préat and others, 2011) . Additionally, interaction between carbonates and mudrocks likely played a role.
Mudrocks from the shelf (KMF-5) record heavier ␦ 56 Fe signatures (mean with 2: ϩ0.253 Ϯ 0.803 ‰; n ϭ 8) than the typical Fe isotopic composition of igneous rocks with signatures between Ϫ0.1 and ϩ0.2 permil (for example Weyer and others, 2005; Schoenberg and von Blanckenburg, 2006; Craddock and others, 2013; Wang and others, 2014) . This is in contrast to mudrocks from the slope succession of the CMCP (Boomplaas, Lokammona, Monteville, lower and upper Nauga -GKP01), which show overall lighter ␦ 56 Fe signatures (-0.671 Ϯ 1.807 ‰; n ϭ 21) than igneous rocks (Czaja and others, 2012) (figs. 4A and 4B) . The Fe inventory and isotope composition of the mudrock layers from shelf and slope is dominated by Fe(II)-sulfides as shown by XANES (this study) and XRD (Czaja and others, 2012) analyses. Severmann and others (2008) postulated that a benthic Fe cycling affected sediments along Late Archean continental margins, similar to modern shelf-to-basin Fe shuttles (Lyons and Severmann, 2006; Severmann and others, 2006; Severmann and others, 2010) . In this model, incomplete reduction of reactive Fe(III) in shelf sediments releases isotopically light Fe(II) aq , which is transported to and recycled in the slope sediment, leaving the residual Fe in the shelf sediment isotopically heavy (Severmann and others, 2006; Staubwasser and others, 2006; Severmann and others, 2008; Rouxel and others, 2008; Heimann and others, 2010) . Fe(III) reduction is typically driven by DIR or abiotically by reductive dissolution mediated by MSR-produced sulfide in the sediment, whereby DIR mobilizes reduced Fe(II) aq and sulfide-reduction immobilizes it by fixation into Fe-sulfides (Raiswell and Canfield, 1998; Butler and others, 2005) . Enhanced fluxes of organic carbon due to primary production along the shelf CMCP (Eroglu and others, 2017) probably induced anoxic conditions down to sulfate reduction. Indeed, the pyrite-containing mudrock layers of the Monte Christo and Oaktree formations contain up to 8.5 weight percent total organic carbon, which implies a reducing environment that mobilizes Fe(II) aq from the sediment and favors MSR and pyrite formation (Berner, 1981 (Heimann and others, 2010) . All these findings support a shelf-to basin Fe shuttle leading to isotopically heavy shelf sediments and isotopically light slope sediments in the CMCP.
Carbonates of the Monte Christo Formation show the heaviest ␦ 56 Fe signatures (mean with 2: Ϫ0.382 Ϯ 0.258 ‰; n ϭ 22) when compared to other carbonates from the Upper CMCP (Lyttleton, Eccles, and Fairfield to Kogelbeen formations; Ϫ0.731 Ϯ 0.363 ‰; n ϭ 26) ( fig. 4C ). The Monte Christo Formation also contains abundant mudrock layers. A study on a carbonate succession from the Upper Jurassic (Kimmeridge Clay Formation, UK) reported that carbonates adjacent to isotopically light, organic-and pyrite-rich mudrocks also showed lighter Fe isotope compositions relative to mudrock-free carbonate layers in the same succession. They concluded that carbonates are locally affected by mudrocks in the course of diagenetic Fe circulation in the sediment (Matthews and others, 2004) . Following these observations, we propose that the Fe isotope composition of carbonates in the Monte Christo Formation were affected by adjacent isotopically heavy mudrock layers due to porewater circulation during early diagenesis. Elevated Fe# values and REE ϩ Y signatures of carbonates confirm this interpretation, as they show a resemblance to the siliciclastic mudrocks and imply a localized remobilization of Fe ( figs. 2a-b, supplementary material) . Carbonates in the Monte Christo Formation also contain traces of Fe(II)-sulfides, as indicated by XANES data (table 4) . This indicates MSR could have formed aqueous sulfide species, which migrated via porewaters between adjacent mudrock and carbonate layers. This is supported by strongly varying ␦ 98 Mo signatures (Ϫ0.82 to ϩ1.40 ‰) in the lower CMCP shelf (Eroglu and others, 2015) , which was likely influenced by the flux of dissolved sulfide, organic matter, and Fe-oxides that scavenge and remobilize Mo during early diagenesis within the sediment (for example McManus and others, 2006; Poulson and others, 2006; Siebert and others, 2006 Fe signatures between about 0 and Ϫ1 permil (for example Beard and others, 2003b; Bergquist and Boyle, 2006) and could be reflected in the mean of Ϫ0.731 Ϯ 0.363 permil of Upper CMCP shelf carbonates. Another influence on the Fe isotope signature could be due to goethite, being the best fit for Fe(III) mineral phases found in both the Eccles and Lyttleton formations, although further studies are necessary to confirm this finding. Beard and others (2010) experimentally determined under anoxic conditions at 20°C an equilibrium fractionation between Fe(II) aq and goethite (⌬ 56 Fe Fe(II)aq-goethite ) of Ϫ1.05 Ϯ 0.08 permil, however they also show that adsorbed or surface Fe phases alter the overall signature. Polyakov and Mineev (2000) calculated an average theoretical ⌬ 56 Fe Fe(II)aq-goethite of around 0 permil. Dideriksen and others (2006) analyzed the Fe isotope signature of hydrothermal calcite and goethite and postulated a dependence on the aqueous Fe species. Thereby, the Fe isotope fractionation is negligible when siderite and goethite is formed in equilibrium with Fe(II) aq , but is larger when formed in equilibrium with Fe(III) aq , resulting in lighter ␦ 56 Fe signatures of siderite and goethite. They propose that both, calcite and goethite, reflect the ambient fluid composition, when the dominant species is Fe(II) aq , and not Fe(III) aq . Although these studies are informative, a comprehensive experimental study on the Fe isotope fractionation in marine carbonates is lacking. In case of the Lyttleton and Eccles formations, there is no difference in their Fe isotope composition, even though the dominant Fe phase in Lyttleton carbonates is ankerite with only minor goethite, whereas Eccles mainly contains goethite. That either means that the fractionation of Fe isotopes during the formation of goethite was negligible or that goethite exchanged isotopically with Fe(II) aq in porewaters after its formation. It remains elusive how and if the change in Fe speciation from the lower CMCP to the upper CMCP had an effect on the isotope compositions of the carbonates, and to what extent early diagenesis overprinted the primary compositions.
Fe isotope systematics along an aqueous redox-boundary reflected in CMCP carbonates. -Beside the data cluster of carbonates deposited under peritidal and/or restricted conditions ( fig. 4C ), the dataset of Fe concentration vs. Fe isotope composition reveals two positively correlated trendlines ('Shelf' and 'Slope', fig. 4D ). The 'Shelf'-trendline consists of samples from the Oaktree (KMF-5) and Reivilo formations (BH-1), which were deposited during the earlier steep platform stage and were exposed to open ocean water. Carbonates of the Oaktree Formation show a very good positive correlation (R 2 ϭ 0.93) between Fe concentrations and ␦ 56 Fe composition. Samples Ku12/06 and Ku12/25 (Kuruman Kop) and samples 340 and 375 (BH-1) from the Gamohaan Formation were deposited during the drowning of the CMCP and also fall on this 'Shelf' trend, likely reflecting their interaction with open ocean water. The 'Slope' trendline captures a shift to lighter isotope signatures with decreasing Fe concentration. It consists of samples from the slope facies (GKP01, GKF01), which were exposed to Fe-rich deep ocean water. Interestingly, sample 1914 from BH-1 also fits the 'Slope' trendline ( fig. 4D ). Considering that this pure carbonate was deposited coeval to the deposition of the Kamden Member, we suggest, that the intense influx of Fe-rich open ocean water is reflected in sample 1914. These observations are supported by the respective Fe# values and REEϩY signatures of these samples, reflecting open and shallow seawater (figs. 2a-b, supplementary material) (Voegelin and others, 2010; Eroglu and others, 2017) . Overall, the Fe isotope composition of these 'trendline'-carbonates was mainly influenced by processes involving interaction with open ocean water and a negligible continental impact, in contrast to the 'cluster'-carbonates that were mainly influenced by continental fluids and early diagenetic processes.
Oxidation of Fe(II) aq along a chemocline probably played an important role in the CMCP, as several studies indicate the presence of oxygen in the shallow ocean (Sumner and Grotzinger, 1996; Wille and others, 2007; Brucker and others, 2009; Godfrey and Falkowski, 2009; Kendall and others, 2010; Voegelin and others, 2010; Czaja and others, 2012) . The appearance of minor Fe-rich layers, like the Kamden Member that formed in the course of a short transgressive event, shows the presence of coeval ferruginous deeper water ( fig. 4D) (Sumner and Beukes, 2006; Beukes and Gutzmer, 2008) . The oxidation of Fe(II) aq along a chemocline separating anoxic ferruginous deeper water from oxic shallow water and the subsequent precipitation of Fe(III)-(oxyhydr)oxides along this chemocline is a commonly cited scenario for the formation of some Precambrian IFs (for example Cloud, 1968; Holland, 1984; Isley and Abbott, 1999) . Aerobic oxidation of Fe(II) aq to Fe(III) ppt causes an enrichment of heavy Fe isotopes in the precipitate by 1 to 2 permil (Bullen and others, 2001; Beard and others, 2003a) . This is similar to anoxygenic photosynthetic microbial Fe(II) oxidation, which shows an enrichment of up to 2 permil (Croal and others, 2004; Swanner and others, 2015b) . Either way, incomplete oxidation causes the remaining Fe(II) aq pool to become isotopically lighter, due to the separation of the precipitated Fe(III)-(oxyhydr)oxides from the reservoir of dissolved Fe(II) remaining in seawater (Rouxel and others, 2005) . A study by Busigny and others (2014) examined whether the Fe cycle and resulting sedimentary Fe isotopic signatures in the ferruginous, redox-stratified meromictic Lac Pavin is influenced by water column redox chemistry or by benthic DIR. The Fe isotope composition of pyrite in the benthic environment along the chemocline is variable, but overall negative, and mirrors the Fe isotope composition of aqueous Fe. They concluded that Fe sulfide formation induces only a limited Fe isotope fractionation and that the observed isotope fractionation in the Lac Pavin setting is not connected to pyrite formation but to the Fe(II) oxidation within the water column. The implication is that the strong Fe isotope variability in Neoarchean Fe-minerals ( fig. 1B) can rather be linked to partial ferrous Fe(II) oxidation in upwelling water masses (Kurzweil and others, 2016) . Similarly, studies of Dideriksen and others (2006) and others (2008) imply that calcite incorporates Fe(II) aq from the ambient fluid and reflects its isotope composition. Thus, a systematic Fe isotope variability of carbonates deposited under open ocean conditions, as shown in the 'Shelf' and 'Slope' trendlines can be explained by titration of Fe from seawater along a redox boundary between ferruginous deeper water, which was supplied via upwelling into oxygenated shallow seawater, resulting in a low Fe concentration and a lighter isotope signature of the remaining Fe(II) aq pool ( Rouxel and others, 2005; Busigny and others, 2014 Based on this interpretation, we hypothesized that data from these 'Shelf' and 'Slope' trendlines could be used to determine the initial Fe(II) aq concentration of the deep anoxic seawater that supplied the platform, as well as the fractionation factor ␣ (converted to permil units via ε ϭ (␣ Ϫ 1) ϫ 1000) between Fe(II) aq and Fe(III) ppt by fitting the data with a Rayleigh distillation equation. In order to do this, it was necessary to plot ␦ where rate is the precipitation rate of the calcite. The precipitation rate was calculated from the assumed sedimentation rate along the slope (ϳ10 m/Ma) and the shelf (ϳ100 m/Ma) of the CMCP (Altermann and Nelson, 1998) . Since the Fe# values of the samples show a depth-dependence, it was assumed that all Fe(II) in the samples was originally incorporated into calcite and did not change during dolomitization (Dideriksen and others, 2006; von Blanckenburg and others, 2008) . Since Dromgoole and Walter (1990) used calcite for their experiments, we used a fixed Ca 2ϩ aq concentration for dolomitized samples of 20 mM (Horita and others, 2002) to simulate a calcite composition (table 5) .
Second, using data of 'Shelf' and 'Slope' trendlines, we calculated the fractionation factor ␣ (expressed as ε 
with f ϭ Fe(II)aq Fe(II)aq,initial .
An initial ␦ 56 Fe signature of seawater Fe(II) aq-initial of 0 permil was chosen to reflect hydrothermally derived Fe(II), which was probably the dominant contributor of Fe(II) aq into the anoxic open ocean, and assuming that higher hydrothermal activity in the Archean decreased fractionation effects along those systems ( Jacobsen and Pimentelklose, 1988; Derry and Jacobsen, 1990; Bau and Moller, 1993; Beard and others, 2003b) . Rayleigh fit of 'Shelf' and 'Slope' trendlines (fig. 8) : 1386 : .26, 1458 : .42, and 1429 : .08 (Czaja and others, 2012 ] yields a similar Fe(II) aq-initial of 573 M and a higher ε 56 Fe(III) pptFe(II) aq of ϩ0.821 permil, with a ⌺ 2 of 0.011. However, those samples were deposited at the lowermost CMCP and there is the possibility that they do not represent the complete slope succession. The high ⌺ 2 value of the 'Slope' trendline indicates that secondary processes, like DIR, might have had disturbed the primary Fe isotope composition of some samples ( Johnson and others, 2008b; Heimann and others, 2010; Czaja and others, 2012; Johnson and others, 2013) .
Our calculations show that Fe(II) aq-initial decreases at higher temperatures, lower Ca 2ϩ aq concentrations, and a lower sedimentation rate and increases at lower temperatures, higher Ca 2ϩ aq concentrations, higher sedimentation rate (table 6). These calculations suggest that Fe(II) aq-initial concentrations along the slope were between 61 M (50°C, 10 mM Ca (Horiata and others, 2002; Canfield, 2005) and sedimentation rates (Altermann and Nelson, 1998) . This is still a large range but regardless of the exact conditions prevailing in seawater, there are two important implications. First, Fe(II) aq concentrations in seawater were probably higher than the previously assumed 3 to 360 M for the open ocean (Holland, 1973; Morris, 1993; Canfield, 2005) and 10 M for shallow seawater (Riding and others, 2014) . Secondly, a concentration gradient existed, with higher Fe(II) aq concentrations along the deeper slope facies and lower Fe(II) aq concentrations in the shallow shelf facies. This implies the removal of Fe(II) aq supplied during upwelling along the carbonate platform margin, probably due to a chemocline between ferruginous deeper water and oxygenated shallow water. This is also implied by the calculated fractionation of the Rayleigh fits (ε 56 Fe(III) ppt -Fe(II) aq of ϩ0.573 ‰ or ϩ0.821 ‰ for the 'Slope' trend and ϩ0.762 ‰ for the 'Shelf' trend), even though those are slightly lower than the reported fractionation of 1 to 3 permil, during oxidation by dissolved oxygen or by microbially-induced oxidation (Bullen and others, 2001; Beard and others, 2003a; Croal and others, 2004; Balci and others, 2006; Kappler and others, 2010; Swanner and others, 2015b) . This diminished fractionation factor is likely due to transport effects and the range of ages and reaction extent for Fe-bearing waters from which the carbonates formed (Druhan and Maher, 2017) . Lower Fe(II) aq concentrations on the shelf would also lower the risk of Fe toxicity for cyanobacteria and increase their ability to produce oxygen (Swanner and others, 2015a) . This reinforces the assumption of a change from an anaerobic to an aerobic ecosystem in the CMCP.
Implications for the Neoarchean Shallow Marine Environment and for Carbonates as Fe
Redox Proxies Carbonate platforms and their shallow-marine environment were probably the first site of oxygenic photosynthesis and are the interface of marine and terrestrial processes. Thus, they are valuable archives of the Neoarchean marine Fe cycle, when oceans likely had dissolved Fe concentrations of tens to hundreds of M than today's ocean with only a few nM of dissolved Fe. The main sources of Fe into the Archean ocean were from hydrothermal vents and the continents, which likely remobilized along continental margins during microbially driven reduction processes in the sediment (Severmann and others, 2008; Li and others, 2015) . Marine Ca-Mg carbonates that incorporate Fe(II) aq directly from seawater could even reflect the Fe seawater signal, although sedimentary redox processes can affect primary signatures. Fe concentration, isotope composition and speciation in Ca-Mg carbonates and mudrocks of the Neoarchean CMCP can thus give valuable insights into the dynamics of the continental and hydrothermal Fe sources and unravel redox processes influencing the Fe inventory in shallow-marine systems, where oxygen was likely produced by photosynthesis. Figure 9 shows the reconstructed Fe sources and cycles based on the different stages of the CMCP. During the initial flooding of the Kaapvaal Craton ϳ2.6 Ga ago ( fig. 9 fig. 9, stage 2) , which was still connected to the ocean, however during events of regression, influx of continental material and freshwater were of greater importance. This is shown by the frequent occurrence of organic-rich mudrocks in the peritidal succession of the platform and the change in REEϩY patterns that record an increasing influence of the continent ( fig. S2b, supplementary material) . Even though the influx of ocean water was probably diminished, maybe allowing a shift to a more aerobic ecosystem, the overall conditions in the sediment were still dominantly reducing, as carbonates and mudrocks solely contain Fe(II)-minerals. Overall, the lower CMCP was dominated by secondary remobilization of Fe via microbially-driven diagenesis, leading to a shelf-to basin Fe shuttle, where incomplete reduction of reactive Fe in shelf sediments releases isotopically light Fe(II) aq , which is transported to the slope, leaving the residual Fe in the shelf isotopically heavy. The deposition of the Kamden Member iron formation was a short intense transgressive event and is reflected in very Fe-rich sediments, even in the very shallow-marine platform succession ( fig. 9, stage 3) . There, the intense influx of open ocean water is implicated by a clear positive Eu anomaly in a siliciclastic-rich carbonate ( fig. S2b, supplementary material) . During this major transgression, the provided accommodation space was rapidly filled and rimmed margin architecture developed ( fig. 9, stage 4) , which drastically changed the environmental conditions in the upper CMCP. Due to the special rimmed margin the influx of open ocean water was very poor and a restricted lagoon in the platform interior could develop. Due to the reduced influx of hydrothermal species, the ecosystem probably changed and aerobe microorganisms dominated the lagoonal interior (Eroglu and others, 2017) . The relatively enhanced influx of freshwater, indicated by flattened REEϩY patterns ( fig. S2b , supplementary material), fueled silicification in the peritidal facies, as it was still mainly exposed to the open ocean, which is indicated by REEϩY signatures that show higher REEϩY concentrations and a more pronounced Eu anomaly. Interestingly, carbonates of the restricted platform interior are dominated by Fe(III)-minerals that also implicate an increase in the oxidation state of the platform. Fe systematics are still mainly controlled by secondary sedimentary processes, although the scarcity of organic-rich mudrocks probably changed the intensity of reductive Fe mobilization in the sediment.
Carbonates deposited during open marine conditions record a Rayleigh distillation of ferruginous deeper water by reaction with oxygenated shallow water, although an oxidation by anoxygenic photosynthesis cannot be ruled out. Calculations of Fe(II) aq incorporation into calcite indeed imply a concentration gradient from the slope facies to the shelf facies of the CMCP and support the loss of Fe(II) aq via Fig. 9 . Fe sources and cycles reflect paleoenvironmental conditions of the CMCP over time (modified after Eroglu and others, 2017). oxidation and precipitation of Fe(III) ppt . Those findings support the existence of an oxic-anoxic boundary probably in several hundred meters water depth (Kendall and others, 2010) of the Neoarchean ocean, although an anoxygenic photosynthetic Fe(II) oxidation pathway cannot be ruled out. Following this, Fe(II) aq concentration estimates range from 61 to 928 M Fe(II) aq for the slope and 30 to 310 M Fe(II) aq for the shelf setting, depending on assumed seawater temperature, Ca 2ϩ concentration in seawater and sedimentation rate.
Carbonates deposited in the peritidal settings and during the rimmed margin stage reveal that Fe cycling in the shelf interior was dominated by freshwater input from the continent and early diagenetic Fe remobilization in the soft sediment, in particular from adjacent mudrocks. Hereby, Fe would have been rather added from leaching and dissolution of siliciclastics, sulfides and oxyhydroxides to altered carbonates (Veizer, 1983) . There is no indication that dolomitization and silicification affected the Fe isotope signatures. Based on these observations, it is likely that Fe was already incorporated during the initial carbonate precipitation and did not change significantly during dolomitization.
Fe speciation of CMCP carbonates reveal an increase in oxidation state throughout the platform, with a Fe(II)-dominated speciation in the lower CMCP and a Fe(III)-dominated speciation in the upper CMCP. This can be explained by a lower content of reductants in the upper CMCP, in particular organic carbon and sulfide species, and by the rimmed margin architecture, protecting the shelf environment from reducing species from the anoxic open ocean.
Following from the observed dependence of the Fe concentration on water depth ( fig. 4D ), Fe(II) aq was most likely mainly delivered from seawater and interacted with the sediment surface, where it could have been directly incorporated into the calcite structure (Dromgoole and Walter, 1990; Mettler, ms, 2002) . Thus, for the Ca-Mg carbonates, which were exposed to the open ocean, it can be suggested that the Fe incorporated into the dolomite structure rather stemmed from the recrystallized calcite itself and not from an external (continental) source. In contrast, detrital and riverine input of Fe into the peritidal environment clearly affected the local carbonates ( fig. 4C ) and can explain variable Fe concentrations of carbonate in those restricted settings. All these observations agree with the major and trace element results and show that the Fe budget was controlled by the depositional environment and the relative input from the open ocean and the continent. This affirms the quality of dolomitized carbonate as a proxy for Fe in ancient marine environments and allows implications to be drawn on the redox processes in coeval seawater and sediment.
conclusions In this study, we present new Fe isotope and concentration data of Ca-Mg carbonates and mudstones from the shelf setting of the CMCP. In combination with an earlier study about the slope setting of the CMCP (Czaja and others, 2012), we were able to interpret the Fe systematics of several spatial and temporal depositional settings of the CMCP. We show that the Fe systematics are highly dependent on the water source, that is open ocean vs. freshwater, and that the platform architecture is an important factor delineating water sources. Carbonate sections that were deposited during extensive interaction with open ocean water, for instance along the slope and during transgression events, record an Fe pool that is diminishing in concentration and becoming isotopically lighter with decreasing water depth, consistent with being the residual Fe(II) aq remaining after Fe oxidation.
Fe(II) aq concentrations in seawater were probably about two to three times higher along the slope than on the shelf due to higher exchange with open ocean water. Estimates of Fe(II) aq at conditions of 25°C water temperature, a Ca 2ϩ aq concentration of 20 mM, and a sedimentation rate of 100 m/Ma along the shelf and 10 m/Ma along the slope, are 193 M for shallow-marine seawater and 555 M for the open ocean. These estimations are higher than earlier estimates, and are strongly dependent on assumed water temperature, sedimentation rate and Ca 2ϩ aq concentration in the seawater. Our findings agree with other studies that propose a decrease in Fe concentration with decreasing water depth, likely due to the removal of Fe along an oxic-anoxic chemocline (for example Beukes, 1987; Sumner and Grotzinger, 1996; Beukes and Gutzmer, 2008; Riding and others, 2014) .
Fe systematics in carbonate successions, deposited during peritidal conditions with restricted access of open ocean water and contain abundant mudrock layers, rather reflect early diagenetic Fe remobilization, driven by degradation of organic matter. Localized diagenetic element cycling is also supported by secondary Fe-sulfides present in mudrocks and some carbonates. Heavy ␦ 56 Fe signatures in mudrocks of the shelf succession compared to light ␦ 56 Fe in mudrocks from the slope succession indicate a shelf-to-basin Fe shuttle, where incomplete reduction of reactive Fe in shelf sediments releases isotopically light Fe(II) aq , which is transported to and recycled in the slope sediment, leaving the residual Fe in the shelf sediment isotopically heavy. Those early diagenetic processes also affected adjacent carbonates and their Fe inventory and isotope signature due to circulating pore fluids.
Fe speciation changes over time in the carbonates of the CMCP. In the lower CMCP Fe(II) phases dominate, incorporated into the dolomite structure and as distinctive Fe(II)-sulfides in the sediment. This changes towards the upper CMCP, as soon as the rimmed margin was formed, when Fe(III)-(oxyhydr)oxides dominate the shallow-marine shelf facies and are incorporated in Ca-Mg carbonate.
We propose that Fe isotope signatures and concentrations of Ca-Mg carbonates can serve as good proxies for paleoenvironmental reconstructions and biogeochemical processes of ancient shallow marine settings. Thereby, it is crucial to complement the isotope data with other mineralogical, sedimentological, and geochemical information of the targeted carbonate setting to evaluate diagenetic alteration of the primary isotopic signals. For future studies other ancient and modern carbonate platforms are interesting targets, in order to see if there is a similar systematic like in the CMCP. Furthermore, detailed studies on the behavior of Fe in microbial mats and stromatolitic carbonates are necessary to provide a framework for more precise interpretation of the processes affecting Fe concentrations and their isotopic composition in carbonates.
